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George C. Marsha l l  Space F l i g h t  Center  

H u n t s v i l l e  , Alabama 

ABS TRACT 

/79+ 
An i n t e n s i v e  l i t e r a t u r e  survey  has been made of t he  p r e s e n t  con- 

sensus  on t h e  s u r f a c e  and a tmospher ic  c o n d i t i o n s  of Mars. Knowledge of 
t he  g r o s s  f e a t u r e s  of t h e  Mar t ian  s u r f a c e  appears  t o  be f a i r l y  complete ,  
b u t  t h e r e  is s h a r p  disagreement  on the a tmospher ic  c o n d i t i o n s .  While 
e s t i m a t e s  of t he  s u r f a c e  temperature  a r e  i n  f a i r l y  c l o s e  agreement and 
e s t i m a t e s  of t he  s u r f a c e  p r e s s u r e  range from 10 t o  150 m i l l i b a r s ,  o t h e r  
phenomena such  as t h e  b l u e  haze a r e  i n e x p l i c a b l e .  Formal des ign  c r i t e r i a  
f o r  e n t r y  v e h i c l e s  cannot  y e t  be f i n a l i z e d  because of t he  wide range  of 
t he  environmental  parameter  va lues .  
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TECHNICAL MEMORANDUM X-53167 

THE MARTIAN ENVIRONMENT 

SUMMARY 

t 

In fo rma t ion  on t h e  environment of Mars h a s  been ga the red  by use  of 
a comprehensive l i t e r a t u r e  survey .  The landscape  of  t he  l i g h t  and d a r k  
a r e a s ,  t h e  caps ,  and the  cana l s  has been formula ted .  D e t a i l s  of t h e  
atmosphere have been i n v e s t i g a t e d ,  i nc lud ing  such  phenomena a s  t he  
mys te r ious  "b lue  haze." Es t imates  of  such  a tmosphe r i c  parameters  a s  con- 
s t i t u e n t s ,  p r e s s u r e ,  and temperature  have a l s o  been made. 

Much i n t e r e s t  has  been aroused by the  r e l a t i v e l y  low s u r f a c e  p r e s s u r e  
v a l u e s  which have r e c e n t l y  been der ived .  This  is  l a r g e l y  due t o  t h e  
d i r e c t  e f f e c t  such  p r e s s u r e s  would have on f u t u r e  v e h i c l e  des ign  c r i t e r i a .  
An e v a l u a t i o n  of t he  s p e c t r o s c o p i c  measurements of  Kaplan, M h c h ,  and 
Sp in rad ,  a major  b a s i s  of  t he  low p r e s s u r e  e s t i m a t e s  , has  thus  been 
inc luded  a s  Appendix B.  For equa l ly  impor tan t  r e a s o n s ,  a n  e v a l u a t i o n  of  
p r e s s u r e  e s t i m a t e s  from p o l a r i m e t r i c  obse rva t ions  , wide ly  used a s  a b a s i s  
f o r  r e l a t i v e l y  h i g h  p r e s s u r e  e s t i m a t e s ,  has  been inc luded  i n  Appendix D .  
P r e s s u r e  v a l u e s  range  from 1 0  t o  150 mb, and o t h e r  a tmosphe r i c  parameters  
a r e  i n  a comparable s t a t e  o f  f l u x .  However, t h e  main s u r f a c e  f e a t u r e s  
seem t o  be f a i r l y  w e l l  determined.  

I. INTRODUCTION 

The p l a n e t  Mars has  long been a n  o b j e c t  of mankind 's  i n v e s t i g a t i o n s .  
Although Mars is t h e  most e a s i l y  s t u d i e d  of t h e  p l a n e t s ,  i t  remains one 
of the  most pe rp lex ing .  Unlike Venus, t h e  atmosphere on Mars permi ts  
the s u r f a c e  cond i t ions  t o  be  observed w i t h  r e l a t i v e  e a s e .  However, t h i s  
comparat ive w e a l t h  of d a t a  has o f t en  l ed  t o  confus ion  r a t h e r  than  e n l i g h t -  
ment.  The v a l u e s  of such  common t e r r e s t r i a l  a tmosphe r i c  parameters  a s  
s u r f a c e  p r e s s u r e  and composi t ion a r e  s t i l l  h i g h l y  u n c e r t a i n .  

The Mar t i an  atmosphere has  one phenomenon which s o  f a r  cannot  be  
exp la ined  - t h e  s o - c a l l e d  "b lue  haze." This c o n d i t i o n  r e s u l t s  i n  e x t i n c -  
t i o n  i n  the  b l u e  r eg ion  of the  M a r s  spec t rum,  thus darkening  o r  o b l i t e r a t -  
i ng  t h e  p l a n e t ' s  appearance  i n  those wavelengths .  The c o n d i t i o n  does n o t  
p r e v a i l  u n i v e r s a l l y ;  i t  has  been observed t o  d i s a p p e a r  planet-wide and 
t h e n  r eappea r  w i t h i n  s h o r t  time pe r iods .  

Although t h e  o r i g i n  of t h e  observed s u r f a c e  f e a t u r e s ,  a s  w e l l  a s  t h e  
composi t ion of t h e  s u r f a c e  m a t e r i a l ,  p r e s e n t s  a d d i t i o n a l  problems, t h e s e  
must  a w a i t  the  s o l u t i o n s  of t h e  problems of t h e  Mar t i an  atmosphere.  



11. SURFACE FEATLJFES 

Mars has f o u r  g e n e r a l  types of s u r f a c e  phenomena: t he  da rk  a r e a s ,  
t h e  l i g h t  a r e a s ,  t h e  p o l a r  caps ,  and the  c a n a l s .  While the  appearance  
(and, indeed, t he  v e r y  e x i s t e n c e )  of t h e  c a n a l s  is r a t h e r  u n s p e c i f i e d ,  
t he  o p t i c a l  p r o p e r t i e s  of t h e  o t h e r  t h r e e  f e a t u r e s  have been s t u d i e d  
over  long per iods of t ime,  and t h e i r  appearances  have been w e l l  e s t a b l i s h e d .  
The p o l a r  caps and da rk  a r e a s  go through s e a s o n a l  f l u c t u a t i o n s  i n  s i z e  and 
c o l o r ,  b u t  the l i g h t  a r e a s  remain f a i r l y  c o n s t a n t .  Much a n a l y s i s  has been 
done on these s u r f a c e  f e a t u r e s ,  a l t hough  t h e i r  e x a c t  composi t ion is  s t i l l  
ques t ionable .  

A. Dark Areas 

1. C h a r a c t e r i s  t i c s  

One of the  f i r s t  f e a t u r e s  on the  Mar t ian  s u r f a c e  t o  a t t r a c t  
a t t e n t i o n  was the  d a r k  a r e a s .  Much of t h i s  i n t e r e s t  w a s  a roused  by c o l o r  
changes which appeared t o  be d i r e c t l y  connected w i t h  s e a s o n a l  cyc le s .  
These v a r i a t i o n s  t ake  the form of s easona l  darkenings  of t he  maria  which 
proceed from the  summer o r  warm pole  toward t h e  equa to r  a t  a r e l a t i v e l y  
uniform r a t e  of about  35 km/day [l].  They appear  t o  be u n a f f e c t e d  by 
s u r f a c e  b a r r i e r s  o r  topography. 

Many s t u d i e s  have been made t o  de te rmine  the  n a t u r e  of t he  
s o i l .  P o l a r i z a t i o n  measurements show a powdery s u r f a c e  which i s  more 
absorb ing  than the s u r f a c e  of t he  l i g h t  a r e a s  [ 2 ] .  Pulve r i zed  l i m o n i t e  
mixed w i t h  a powder of absorb ing  g r a i n s  shows s i m i l a r  p o l a r i z a t i o n  charac-  
t e r i s t i c s .  Seasonal  d a t a  p lus  a b s o r p t i o n  c h a r a c t e r i s t i c s  seem t o  i n d i c a t e  
t h e  e x i s t e n c e  of animated microorganisms. Also ,  a r e l a t i o n  between t h e  
geomet r i ca l  a lbedo and wavelength is found t o  c o r r e l a t e  w i t h  t h e  r e f l e c -  
t i o n  s p e c t r a  of l imon i t e s .  

However, s e v e r a l  o t h e r  t h e o r i e s  on the  composi t ion of t h e  
s u r f a c e  of Mars have been p o s t u l a t e d .  
argued i n  favor  of hygroscopic  s a l t  beds a b l e  t o  respond t o  sma l l  changes 
i n  a tmospheric  humidi ty .  Others  [ 4 ]  have favored  v o l c a n i c  a sh .  One of 
t he  more i n t e r e s t i n g  t h e o r i e s  (Kiess ,  K a r r e r ,  and K i e s s ,  Ref. 5) involved 
v a r i o u s  phases of n i t r o g e n  oxides  capable  of m i g r a t i n g  over  t h e  maria  i n  
o r d e r  t o  e x p l a i n  seasona l  changes.  A l l  of t h e s e  proved i n c o n s i s t e n t  w i t h  
a d d i t i o n a l  obse rva t iona l  d a t a .  

For example, Arrhenius  [ 3 ]  has  

It has been argued t h a t  t h e  s e a s o n a l  darkening  of t h e  maria 
proceeds too  r a p i d l y  and r e g u l a r l y  t o  be a s u r f a c e  f e a t u r e ;  t h u s ,  i t  has 
sometimes been thought  t o  be e i t h e r  a movement of t he  atmosphere o r  d i f -  
f u s i o n  through the  atmosphere.  However, i n  view of the  f a c t  t h a t  the 
s u r f a c e  temperature  r i s e s  a lmost  con t inuous ly  from the  v e r y  co ld  w i n t e r  
po le  t o  the  reg ion  around the summer po le ,  t he  warmest p o i n t  on the  planet:  

. 

7-c 
There is disagreement  on t h i s  conc lus ion .  
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i t  is d i f f i c u l t  [ l ]  t o  s e t  up a c i r c u l a t o r y  sys tem which would b r i n g  
m o i s t u r e  from the  summer p o l a r  r eg ions  a l l  t he  way a c r o s s  t h e  equa to r  a t  
a s t e a d y  r a t e .  On the  c o n t r a r y ,  any c i r c u l a t i o n  sys tem c o n s i s t e n t  w i t h  
t h e  p o s t u l a t e d  a tmospher ic  thermal s t r u c t u r e  of Mars would tend t o  do 
j u s t  t he  o p p o s i t e ,  i . e . ,  d i r e c t l y  oppose the  darkening  p rogres s ion .  

2. Organic o r  Ino rgan ic?  

The appearance of the maria has caused much c o n j e c t u r e  about  
t he  e x i s t e n c e  of p l a n t  l i f e  on the Mar t ian  s u r f a c e .  There a r e  s e v e r a l  
c h a r a c t e r i s t i c s  which seem t o  i n d i c a t e  v e g e t a t i o n .  For example, Loomis 
[6 ]  po in t ed  o u t  t h a t  p a r t s  of t h e  d a r k  a r e a s  which a r e  covered by d u s t  
s torms  have some r e g e n e r a t i v e  power and r eappea r ,  f r e e  from d u s t ,  i n  a 
m a t t e r  of weeks o r  months. It i s  d i f f i c u l t  t o  e x p l a i n  t h i s  phenomenon 
by a n  i n o r g a n i c  theory .  Even g l a s s y  l ava  beds ,  p o s s i b l y  blown f r e e  of 
d u s t ,  would c a t c h  m a t e r i a l  i n  d e p r e s s i o n s ,  thus  l e a v i n g  on ly  t h e  p o i n t s  
and o b l i t e r a t i n g  t h e  f i e l d s  [ 5 ] .  

, 

S i n t o n ' s  d i scove ry  [ 7 ,  81 of bands i n  the  Mar t i an  r a d i a t i o n  
spec t rum nea r  3.5p, which seemed to  i n d i c a t e  t h e  p re sence  of o r g a n i c  
molecu le s ,  i nc reased  t h e  p r o b a b i l i t y  of t h e  e x i s t e n c e  of p l a n t  l i f e .  
Although ca rbona te s  a l s o  have bands i n  t h i s  r e g i o n ,  t hey  a r e  e l i m i n a t e d  
by a b s o r p t i o n  d e t a i l s .  The observed spectrum f i t s  ve ry  c l o s e l y  t h a t  of 
o r g a n i c  compounds, p a r t i c u l a r l y  p l a n t s .  A band a t  3.67p, a t  f i r s t  
unexpla ined ,  has been found i n  the a l g a  c ladophora ,  where a b s o r p t i o n  is 
a p p a r e n t l y  produced by carbohydra te  molecules  p r e s e n t  i n  t h e  p l a n t .  Thus, 
t h e  ev idence  p o i n t s  n o t  on ly  t o  organic  molecules ,  b u t  t o  carbohydra tes  
a s  w e l l .  

There a r e  s e v e r a l  o b j e c t i o n s  t o  the  p l a n t  theory .  For 
example, photographs taken  i n  red and i n f r a r e d  i n d i c a t e  t h a t  t h e  maria  
do n o t  r e f l e c t  a s  i f  they  contained c h l o r o p h y l l  [ 9 ] .  T h i s ,  however, is  
n o t  a s e r i o u s  o b j e c t i o n  because many t e r r e s t r i a l  p l a n t s  known t o  c o n t a i n  
c h l o r o p h y l l  do n o t  possess  the  c h a r a c t e r i s  t i c  i n f r a r e d  spec t rum because 
they  have waxy c o a t i n g s  which obscure t h i s  spectrum. I n  a d d i t i o n ,  
c h l o r o p h y l l  is  not  necessa ry ,  b i o l o g i c a l l y ,  and t h e r e  a r e  many non- 
c h l o r o p h y l l ,  anae rob ic  examples. A l s o ,  de  Vaucouleurs [ l o ]  f e e l s  t h a t  
t h e  minute  v a r i a t i o n s  i n  humidi ty ,  which r e s u l t  from t h e  m e l t i n g  caps ,  
could s c a r c e l y  t r i g g e r  such  conspicuous and l a r g e  s c a l e  changes.  

Desp i t e  t h i s ,  t he  presence of v e g e t a t i o n  s t i l l  appea r s  t o  
be  a more a t t r a c t i v e  e x p l a n a t i o n  than  any i n o r g a n i c  theo ry .  I f  p l a n t s  
a re  accep ted ,  then  they  must b e  e x t e n s i v e  and a c t i v e  t o  e x p l a i n  t h e  
observed a c t i v i t y .  S ince  g r e a t  expanses of v e g e t a t i o n  a r e  r e q u i r e d  t o  
be e v i d e n t  a t  the  v a s t  d i s t a n c e s  invo lved ,  l a r g e  Mar t ian  p l a n t s  a r e  n o t  
r u l e d  o u t ,  a l t hough  t h e  appa ren t  l a c k  of l a r g e  amounts of water  appears  
t o  f a v o r  a l i chen- type  of growth. 

3 



B. L ight  Areas 

I r o n  oxides  on t h e  s u r f a c e  may be t h e  r e s u l t  of bombardment by 
a s t e r o i d a l  m e t e o r i t e s  and t h e i r  subsequent  o x i d a t i o n .  Mars has  a g r e a t  
number of a s t e r o i d s  c r o s s i n g  i t s  o r b i t  and has  a c o l l i s i o n  e x p e c t a t i o n  
which i s  about 100 t i m e s  t h a t  of E a r t h  [14] .  It has  been e s t i m a t e d  t h a t  
Mars c o n s i s t s  of a n  i r o n  c o r e  surrounded by d u n i t e ,  w i t h  a t h i n  s u r f a c e  
s o i l  [15]. 

I 

The l i g h t  a r e a s ,  l i k e  t h e  r e s t  of Mars, appear  t o  be f a i r l y  
smooth. Any e x i s t i n g  mountains should  have r e l i e f  l e s s  t h a n  2-5 km 
because of the l a c k  of  observable  shadow [ l l ] .  The s o i l  appears  t o  be 
the  same as t h a t  of t h e  dark  a r e a s ,  p o s s i b l y  c o n s i s t i n g  of powdered 
l i m o n i t e ,  Fe,O, . nH20 [ l ,  21. However, some o b s e r v e r s  f e e l  i n s t e a d  t h a t  
f e l c i t e  is p r e s e n t  [ l o ] .  S i l i c a t e s  have a l s o  been s u g g e s t e d ,  b u t  t h e i r  
c h a r a c t e r i s t i c  i n f r a r e d  emiss ion  s p e c t r a  have never  been observed i n  t h e  
Mart ian spectrum. However, l a b o r a t o r y  e x p e r i m e n t a t i o n  shows t h a t  s i l i -  
c a t e s  possess  reduced emiss ion  c h a r a c t e r i s  t i c s  as t h e  g r a i n  s i z e  is 
reduced. Since s i l i c a t e s  a r e  f a r  more l i k e l y  t o  occur  from a g e o l o g i c a l  
p o i n t  of view, they  q u i t e  p o s s i b l y  account  f o r  t h e  b u l k  of the  s u r f a c e  
m a t e r i a l  [ 1 2 ] .  The d u s t  s torms appear  t o  be formed from t h e  s m a l l  
p a r t i c l e s  which cover t h e  l i g h t  a r e a s ,  s i n c e  t h e  s p e c t r a l  b r i g h t n e s s  
c o e f f i c i e n t  f o r  l i g h t  a r e a s  observed d u r i n g  d u s t  s torms  d i d  n o t  change [131. 

C. Caps 

The caps of Mars were one of t h e  f i r s t  f e a t u r e s  t o  be d i s c o v e r e d .  
They were f i r s t  hypothes ized  t o  be i c e  d e p o s i t s ;  and t h i s  remains t h e  
consensus today. It has  been sugges ted  t h a t  CO, d e p o s i t s  make up t h e  
caps,  b u t  t h i s  p o s s i b i l i t y  is  f e l t  t o  be u n l i k e l y  because ,  a t  Mar t ian  
a tmospher ic  p r e s s u r e ,  t h e  s u b l i m a t i o n  p o i n t  of CO, i s  l e s s  t h a n  t h e  
tempera ture  of t h e  w i n t e r  cap. Also ,  t h e  r e f l e c t i o n  spec t rum does n o t  
correspond to CO, [15] .  

I n  an a t t e m p t  t o  e x p l a i n  t h i s  M a r t i a n  phenomenon by t h e  a c t i o n  
of v a r i o u s  phases of n i t r o g e n  o x i d e s ,  i t  w a s  thought  t h a t  t h e  caps might  
be subl imates  of n i t r o g e n  t e t r o x i d e .  The b e l t s  sometimes s e e n  d u r i n g  t h e  
p o l a r  mel t ing  would then  be h i g h e r  oxides  of n i t r o g e n  s u c h  a s  N,O, and 
N40, [ l ] .  However, t h e  n i t r o g e n  oxides  r e q u i r e d  f o r  t h i s  theory  .have n o t  
shown up i n  measurements. 

The r e f l e c t i o n  spectrum of t h e  caps cor responds  somewhat t o  
i c e ,  a l though no n a t u r a l  i c e  cap spectrum has been found t o  c l o s e l y  
resemble t h e  spectrum of Mar t ian  caps.  Also ,  t h e  caps do n o t  r e f l e c t  
l i k e  h o a r f r o s t  o r  snow [16] .  However, Kuiper showed t h a t  t h e  i n f r a r e d  
spectrum is s i m i l a r  t o  f r o s t  a t  low t e m p e r a t u r e s ;  D o l l f u s '  p o l a r i z a t i o n  
measurements conf i rm t h i s  [ l l ] .  Thus, t h e r e  is s i g n i f i c a n t  ev idence  t o  
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i n d i c a t e  t h a t  t h e  caps a r e  w a t e r  [ l o ,  1 7 1 .  Some f e e l  t h a t  t h e  p o l a r  caps 
a r e  main ly  a n  a tmospher ic  r a t h e r  than a s u r f a c e  phenomenon. 
then  be a c o n c e n t r a t i o n  of t h e  haze m a t e r i a l ,  probably i c e  n e e d l e s  [18] .  

They would 

D. Canals 

A f t e r  y e a r s  of cont roversy  a b o u t  t h e  p o s s i b l e  e x i s t e n c e  of 
c a n a l s ,  i t  is now g e n e r a l l y  f e l t  t h a t  they  are a d i s t i n c t i v e  n a t u r a l  
Mar t ian  s u r f a c e  phenomenon. T h e i r  e x a c t  form is  s t i l l  h i g h l y  s p e c u l a -  
t i v e .  Some c o n s i d e r  them t o  be continuous t h i n  l i n e s ,  w h i l e  o t h e r s  
t h i n k  of them a s  a c o l l e c t i o n  of  dark p o i n t s .  From h i s  o b s e r v a t i o n s ,  
A. Dolphus concluded t h a t  the  s u r f a c e  c o n t a i n s  i r r e g u l a r  s p o t s  grouped 
i n  v a r i o u s  p a t t e r n s  which sometimes form s t r a i g h t  l i n e s .  Another type 
of c a n a l  was d i s c o v e r e d ;  they  a r e  t h r e a d - l i k e ,  a lmost  g e o m e t r i c a l l y  p e r -  
f e c t ,  f a i r l y  s h o r t ,  and sometimes appear ing  i n  p a i r s  [19] .  

The c a n a l s  c h a r a c t e r i s t i c a l l y  a r e  d a r k  l i n e s  which connec t  
l a r g e  d a r k  s e c t i o n s .  Where s e v e r a l  c a n a l s  meet,  d a r k  s p o t s  c a l l e d  k n o t s  
o r  oases  a r e  observed.  I n d i v i d u a l  c a n a l s  undoubtedly r e p r e s e n t  boundar ies  
between l i g h t e r  and d a r k e r  r e g i o n s  [19] .  A l s o ,  a d j a c e n t  b r i g h t  a r e a s  
a p p e a r  t o  be s e p a r a t e d  by c a n a l s  [3] .  Seasonal  changes i n  t h e  c a n a l s  
seem t o  i n d i c a t e  v e g e t a t i o n .  Many c a n a l s  a r e  a lmost  i n v i s i b l e  i n  t h e  
w i n t e r  hemisphere.  A s  s p r i n g  approaches,  t h e y  b e g i n  t o  r e a p p e a r ,  f i r s t  
t h o s e  a d j a c e n t  t o  t h e  caps,  then  those i n  t h e  temperate  zone, and f i n a l l y  
t h o s e  of t h e  e q u a t o r i a l  b e l t .  One-half y e a r  a t e r  they d i s a p p e a r  and i n  
t h e i r  s t e a d  a counter-wave of canal-darkening begins  from t h e  o p p o s i t e  
po le .  There is  a b o u t  a 10-15 day l a g  between cap m e l t i n g  and c a n a l  
darkening .  The oases  a r e  a l s o  hard ly  v i s i b l e  i n  t h e  w i n t e r ,  b u t  they 
grow w i t h  c a n a l  darkening [19].  

There a r e  d i f f e r e n t  t h e o r i e s  on t h e  cause of  t h e  c a n a l s .  Some 
t h i n k  t h e y  a re  e i t h e r  a m u l t i t u d e  of i n d i s t i n q u i s h a b l e  d e t a i l  o r  perhaps 
humid p l a c e s  where v e g e t a t i o n  appears  [18] .  Others  f e e l  t h a t  t h e  c a n a l s  
a r e  c racks  i n  t h e  s u r f a c e ,  p o s s i b l y  of t e c t o n i c  o r i g i n  [ 1 4 ,  19,  201. The 
oases  would then be remnants of  c r a t e r s .  I f  t h e  s o i l  is  more f e r t i l e  i n  
t h e  c r a c k s ,  v e g e t a t i o n  could develop t h e r e ,  r e n d e r i n g  them o b s e r v a b l e  
and e x p l a i n i n g  s e a s o n a l  changes.  S e t t l e m e n t  of t h i s  q u e s t i o n  must a w a i t  
f u r t h e r  d a t a  . 
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V 

111. SURFACE ATMOSPHERIC CONDITIONS 

A. Temperature 

The main tempera ture  d i f f e r e n c e s  between Mars and E a r t h  a r e  due 
t o  the  d i f f e r e n c e s  i n  the  p l a n e t a r y  wa te r  c o n t e n t s .  S ince  t h e r e  a r e  
n e i t h e r  oceans nor  a s i g n i f i c a n t  greenhouse e f f e c t ,  most of the  ground 
h e a t  escapes a f t e r  s u n s e t  and the  n i g h t s  a r e  ex t remely  co ld  [ 3 ] .  

One way of e s t i m a t i n g  s u r f a c e  tempera tures  is through r a d i a t i v e  
e q u i l i b r i u m  c o n s i d e r a t i o n s .  A minimum may be ob ta ined  by assuming no 
atmosphere,  and a maximum may be  ob ta ined  by assuming a maximum green-  
house e f f e c t .  This  r e s u l t s  i n  a range  from 219 t o  233" K ,  which is i n  
r easonab le  agreement w i t h  thermal  emiss ion  o b s e r v a t i o n s  [21] .  

I n  making t h e s e  computat ions,  t he  minimum is c a l c u l a t e d  by 
assuming an atmosphere t r a n s p a r e n t  t o  long-wave r a d i a t i o n .  To compute 
t h e  s u r f a c e  tempera ture  t h e  energy r e c e i v e d  from t h e  sun  is then  equated  
t o  t h e  energy emi t t ed  by the  p l a n e t ' s  s u r f a c e .  U t i l i z a t i o n  of an  a lbedo  
of 0.15 y i e l d s  219°K. I n  c a l c u l a t i n g  a maximum, the  magnitude of t he  
greenhouse e f f e c t  depends e s s e n t i a l l y  upon t h e  amount of abso rb ing  gas  
and t h e  v e r t i c a l  t empera ture  d i s t r i b u t i o n .  The average  maximum s u r f a c e  
tempera ture  can be computed from t h e  c o n d i t i o n  t h a t  t h e  outgoing  long-  
wave r a d i a t i o n  a t  the top of t he  atmosphere must equa l  t he  incoming 
s o l a r  r a d i a t i o n  ( c o r r e c t e d  f o r  a lbedo) .  A l i n e a r  tempera ture  p r o f i l e  
t h a t  would maximize t h e  g r e e n h o u s e ' e f f e c t  is  used ,  t h a t  i s ,  the  a d i a b a t i c  
l a p s e  r a t e  of -3.7" K/km. Atmospheric c o n s t i t u e n t s  a r e  assumed t o  have 
c o n s t a n t  mixing r a t i o  w i t h  a l t i t u d e .  The v a l u e s  used f o r  t h e  abso rb ing  
gases  a r e  as fo l lows:  4 p e r c e n t  carbon d i o x i d e  by volume, cm of 
p r e c i p i t a b l e  w a t e r ,  and 0.15 cm STP of ozone. The outgoing  r a d i a t i o n  
f l u x e s  a t  the top of the  atmosphere a r e  found by use  of E l s a s s e r ' s  equa- 
t i o n s  and r a d i a t i o n  t a b l e s  (1960).  The r e s u l t i n g  s u r f a c e  tempera ture  
is 233"K, which i n d i c a t e s  a small greenhouse e f f e c t  compared t o  E a r t h ' s  
[211. 

Mean tempera ture  v a l u e s  may a l s o  be ob ta ined  from e x t r a p o l a t i o n  
of thermal  emission d a t a .  The fo l lowing  e s t i m a t i o n  is based on average  
noontime l a t i t u d i n a l  tempera ture  p r o f i l e s  f o r  the  d i f f e r e n t  s easons  
ob ta ined  by G i f f o r d  i n  1956. A p l a n e t a r y  mean t empera tu re  of 233°K may 
be found by e x t r a p o l a t i o n  t o  the  p o l e s ,  ave rag ing  t h e  s e a s o n a l  d a t a  
i n t o  a n  annual curve ,  c o r r e c t i n g  t h e  annual  curve f o r  t h e  ampl i tude  of 
t h e  d i u r n a l  tempera ture  v a r i a t i o n  ( e q u a t o r i a l  t empera tu re  assumed t o  be 
303°K dec reas ing  w i t h  l a t i t u d e  acco rd ing  t o  a c o s i n e  law) and then  com- 
p u t i n g  an  area-weighted mean tempera ture  from the  r e s u l t i n g  annual  
curve.  This a n a l y s i s  a l s o  i n d i c a t e s  an  ave rage  e q u a t o r i a l  t empera ture  
of abou t  240°K and an average  p o l a r  tempera ture  of a b o u t  200 t o  210°K 
[211. 
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Compiled obse rva t ions  i n d i c a t e  t h a t  t he  b e s t  s i n g l e  va lue  f o r  
s u r f a c e  tempera ture  is about  230°K. However, Mintz concluded t h a t  
e x t e n s i o n  of E a r t h  d r y  d e s e r t  experience i n d i c a t e s  t h a t  the  a i r  tempera- I 

1 4  the  s u r f a c e  tempera ture  [ 2 2 ] .  
I t u r e  a few me te r s  above the  s u r f a c e  can be a s  much a s  50°K c o o l e r  than 
I 

B. P r e s s u r e  

U n t i l  f a i r l y  r e c e n t l y ,  the  s u r f a c e  p r e s s u r e  of Mars w a s  f e l t  
t o  be w e l l  e s t a b l i s h e d ,  w i t h  most observers  a g r e e i n g  on a va lue  of about  
85 mh. D o l l f u s '  p o l a r i m e t r i c  e s t i m a t e ,  c o r r e c t e d  f o r  s e l f - a b s o r p t i o n ,  
gave a v a l u e  of abou t  87 mb, and the  o t h e r  e s t i m a t e s  f e l l  i n  about  t h i s  
range  [ 2 3 ] .  However, Kaplan, Miinch, and Spinrad  [ 2 4 ]  used a M t .  Wilson 
h igh  d i s p e r s i o n  spec t rogram t o  d e r i v e  a p r e s s u r e  much lower than  pre-  
v ious  f i g u r e s .  Values of 14 + 7 p  p r e c i p i t a b l e  wa te r  and 55 ? 20 m atm 
carbon d i o x i d e  were i n d i c a t e d  by d e t e c t e d  r o t a t i o n a l  l i n e s  of H,O near  
A 8300 and carbon d i o x i d e  nea r  A 8700. The absence  of oxygen from the  
spec t rum s e t  a n  upper l i m i t  of 70 cm-atm f o r  t h a t  p o t e n t i a l  c o n s t i t u e n t .  
By combining t h e  carbon d iox ide  amount w i t h  Kuiper and S p i n r a d ' s  observa-  
t i o n s  of the  s t r o n g l y  s a t u r a t e d  bands i n  the  21-1 r e g i o n ,  a s u r f a c e  p r e s s u r e  
of 25 + 1 5  mb has  been ob ta ined .  Also, r e - i n t e r p r e t a t i o n  of Ku ipe r ' s  o l d  
o b s e r v a t i o n s  (1949) i n d i c a t e s  a va lue  which would f a l l  i n  the d e r i v e d  range.  
Kaplan f e e l s  t h a t  p rev ious  e s t i m a t e s  were i n c o r r e c t  because the  methods 
used assumed t h a t  a l l  t h e  l i g h t  s c a t t e r i n g  w a s  by small p a r t i c l e s  [ l l ] .  

There has  been s h a r p  disagreement  w i t h  t h e i r  v a l u e ,  however. 
Opik f e e l s  t h a t  i f  h i s  haze v e r s i o n  is c o r r e c t ,  then  the  s u r f a c e  p r e s s u r e  
shou ld  be i n c r e a s e d  abou t  5 0  percen t  because of a b s o r p t i o n  e f f e c t s .  This  
c o n t r a d i c t s  Kuiper who says  t h a t  any haze which s c a t t e r s  l i g h t  a lmos t  as 
much as t h e  gas  molecules  do would lead  t o  an  e x c e s s i v e  p r e s s u r e  e s t i m a t e .  
I n  a d d i t i o n ,  d e  Vaucouleurs s t a t e s  t h a t  he has  a l lowed f o r  e f f e c t s  of 
p a r t i c l e  s c a t t e r i n g  i n  h i s  va lue  of 85 mb and f e e l s  h i s  e s t i m a t e  was  
confirmed by D o l l f u s '  measurements [ l o ] .  

Su r face  p r e s s u r e  e s t i m a t e s  a r e  d i f f i c u l t  t o  e v a l u a t e ,  s i n c e  
t h e r e  a r e  a number of assumptions which a r e  g e n e r a l l y  made. The va lues  
a r e  r e a l l y  e s t i m a t e s  of t h e  m a s s  of a i r  pe r  u n i t  column, and they  a r e  
u s u a l l y  based on one o r  more of t he  fo l lowing  assumptions:  The v e r y  
f i r s t - o r d e r  s o l u t i o n  t o  t h e  equat ion  of r a d i a t i v e  t r a n s f e r  is  adequate  
and a homogeneous model is s u f f i c i e n t ,  because t h e  Mar t ian  atmosphere 
is o p t i c a l l y  t h i n ;  t h e  s o l i d  s u r f a c e  of the  p l a n e t  r e f l e c t s  s u n l i g h t  
acco rd ing  t o  s imple  laws t h a t  can be deduced from as t ronomica l  observa-  
t i o n s  and l a b o r a t o r y  measurements of t e r r e s t r i a l  s u r f a c e s  ; t he  atmos- 
phe re  s c a t t e r s  and p o l a r i z e s  according t o  Ray le igh ' s  Law; the  e f f e c t s  
of t h e  s o l i d  s u r f a c e  and the  atmosphere a r e  s imply  a d d i t i v e ;  haze 
p a r t i c l e s  r e p r e s e n t  minor p e r t u r b a t i o n s  of t h e  r e f l e c t e d  l i g h t ,  and 
t h e i r  e f f e c t s  can be t r u l y  judged from l a b  tes ts  on t e r r e s t r i a l  p a r t i c l e s ;  
o r  haze  p a r t i c l e s  may s t r o n g l y  absorb ,  b u t  t h e i r  angu la r  s c a t t e r  s t i l l  
conforms t o  t h e  Rayle igh  p a t t e r n .  Any of t h e s e  assumptions may be wrong, 
and t h u s ,  p r e s s u r e  e s t i m a t e s  could e a s i l y  be o f f  +50 p e r c e n t  o r  more [ 2 5 ] .  

7 



In  any c a s e ,  p r e s e n t  p r e s s u r e  v a l u e s  a r e  i n  a s t a t e  of f l u x ,  
w i t h  e s t i m a t e s  be ing  made on t h e  o r d e r  of  10 mb as w e l l  as on t h e  o r d e r  
of 100 mb. 

C. C o n s t i t u e n t s  

1. Carbon Dioxide 

The f i r s t  e lement  d e t e c t e d  i n  t h e  M a r t i a n  atmosphere w a s  
CO,. I n t e r p r e t a t i o n  of t h e  spec t rogram of  Kaplan, S p i n r a d ,  and M k c h  
[ 2 4 ,  261 places  t h e  CO, abundance a t  55 i: 20 m atm. The probable  e r r o r  
r e s u l t s  from u n c e r t a i n t y  i n  t h e  e q u i v a l e n t  w i d t h  measurements. 

2. Carbon Monoxide 

It has been proposed t h a t  CO, p h o t o d i s s o c i a t i o n  p l u s  oxygen 
escape  would produce c o n s i d e r a b l e  CO c o n c e n t r a t i o n s .  This  should  g i v e  
r ise t o  a band a t  2.35 microns [ 1 3 ] .  However, S i n t o n ' s  i n f r a r e d  s p e c t r o -  
photometr ic  s c a n  (1959) shows no s t r o n g  f e a t u r e  n e a r  t h i s  band, thus  
s e t t i n g  an  upper l i m i t  of 1 0  cm-atm [ 2 7 ] .  
could lower CO c o n c e n t r a t i o n  [23]. A p o s s i b l e  r e a c t i o n  is (Urey - 1959) 
CO + CO i CO, + C. 
c a t a l y s t s ,  b u t  it cannot  occur  i n  t h e  f r e e  atmosphere and is probably  
n e g l i g i b l e .  A more f e a s i b l e  mechanism i n v o l v e s  t h e  i o n i z e d  s t a t e  of COY 
i n  which i t s  e f f e c t i v e  weight  would b e  reduced by one-half  due t o  t h e  
e l e c t r o s t a t i c  f i e l d  c r e a t e d  by outward e l e c t r o n  d i f f u s i o n .  Other  p o s s i b l e  
CO s i n k s  a r e  [ 2 7 ] :  CO + 0 + M --$ CO, f M y  where M is any t h i r d  body; and 
2 CO + hv --f C, + 20. 
t i o n ,  and the carbon smoke i n  t h e  second has been sugges ted  as a n  explana-  
t i o n  of atmospheric  haze. However, i f  t h e r e  is more t h a n  0 .3  c m - a t m  of 
0, p r e s e n t ,  CO, w i l l  be  l a r g e l y  p r o t e c t e d  from p h o t o d i s s o c i a t i o n  [27] .  

There a r e  s e v e r a l  f a c t o r s  which 

This  can occur  a t  low tempera tures  w i t h  s u i t a b l e  

The f i r s t  r e a c t i o n  would p r e v e n t  g i g a n t i c  accumula- 

3. Oxygen 

Kaplan, Spinrad ,  and Miinch [ 2 4 ]  d i d  n o t  d e t e c t  any Doppler 
s h i f t e d  components t o  t h e  t e l l u r i c  bands i n  t h e  O2 bands n e a r  A 7 6 0 0 .  It 
is es t imated  t h a t  any Mar t ian  l i n e s  s t r o n g e r  t h a n  20 d would have been 
v i s i b l e .  An upper l i m i t  of W (0,) i 7 0  cm a t m  is a r r i v e d  a t .  Marmo ?nd 
Warwick [ 3 ]  have e s t i m a t e d  a n  abundance of oxygen a t  a b o u t  0.2 c m - a t m ,  
w i t h  maximum c o n c e n t r a t i o n  occurrPng between 110 and 160 km. This  would 
produce a t  l e a s t  some s h i e l d i n g .  

4 .  Ozone 

Ozone forms a t  h i g h  a l t i t u d e s  on E a r t h  i u e  t o  t h e  a b s o r p t i o n  
of s o l a r  r a d i a t i o n  by 0, i n  t h e  r e g i o n  of 1760-1925 A a s  f o l l o w s :  

0, + hv + 0: and 0: + O2 i O3 + 0 ,  
L L 
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which is then c a r r i e d  downward by t u r b u l e n t  mixing [28] .  On Mars, t h i s  
r e a c t i o n  shoul: occur  over  a longer  i n t e r v a l  of depth.  
t h e  1250-1760 A r e g i o n  should  b e  a b l e  t o  p e n e t r a t e  deeper  i n t o  the  Mars 
atmosphere due t o  l a c k  of absorbent  O,, and t h e  fo l lowing  s e r i e s  should  
occur :  Thus, ozone should  b e  
formed from oxygen atoms a t  a l l  l e v e l s  up t o  lo'* mb, which i s  t h e  minimum 
p r e s s u r e  f o r  a 3-body c o l l i s i o n  process .  Marmo and Warwick [3]  ca lcu-  
l a t e d  ozone abundance on a b a s i s  of CO, c o n c e n t r a t i o n  o n l y ,  and a r r i v e d  
a t  a maximum of cm-atm. They a l s o  concluded t h a t  ozone abundance 
would n o t  pass  through a maximum, b u t  would i n c r e a s e  w i t h  d e c r e a s i n g  
h e i g h t .  This is i n  accord  w i t h  Wild t ' s  t h e o r y  t h a t  t h e  s u r f a c e  is 
h i g h l y  oxid ized .  

The r a d i a t i o n  i n  

O2 + hv --3 0 + 0 and 0 + O2 + M + O s  + M. 

5. Ni t rogen  

The d i f f e r e n c e  between t h e  complete p r e s s u r e  and t h e  p a r t i a l  
CO, p r e s s u r e  is probably a lmost  e n t i r e l y  due t o  a rgon  and n i t r o g e n  [24] .  
N, is  thought  t o  be t h e  b u l k  c o n s t i t u e n t ,  because most of t h e  o t h e r  g a s e s ,  
w i t h  the  e x c e p t i o n  of t h e  i n e r t  gases ,  a r e  e i t h e r  too  l i g h t  o r  t o o  photo- 
chemica l ly  r e a c t i v e  t o  be r e t a i n e d  [ 3 ] .  T e r r e s t r i a l  ana logy  would p l a c e  
N, a t  about  95 p e r c e n t  by volume. 

6. Argon 

Argon, w i t h  i t s  atomic weight  of 40, i t s  c h a r a c t e r i s t i c  
i n e r t  n a t u r e ,  and i t s  r e l a t i v e  cosmological abundance, could p o s s i b l y  
predominate i n  t h e  Mar t ian  atmosphere. Brown and Suess independent ly  
concluded t h a t  w i t h i n  t h e  proposed a g e  of t h e  u n i v e r s e ,  l o 9  y e a r s ,  
a rgon  could have become t h e  major M a r t i a n  a tmospher ic  c o n s t i t u e n t .  
D e s p i t e  t h i s ,  model atmospheres g e n e r a l l y  c o n t a i n  only  4-5 p e r c e n t  a rgon  
[ 3 ] .  It is f e l t  t h a t  some argon must be p r e s e n t  due t o  t h e  decay of 
potassium 40 [ l l ] .  It i s  i n t e r e s t i n g  t o  a t t e m p t  t o  e s t i m a t e  t h e  a rgon  
c o n t e n t  by ana logy  w i t h  E a r t h  c o n d i t i o n s .  I f  i t  is  assumed t h a t  t h e  
n e t  A 4 0  c o n t e n t  of t h e  Mar t ian  atmosphere i s  t h e  same a s  t h a t  of E a r t h  
(Brown-1952, Urey-1958), then  a p a r t i a l  p r e s s u r e  P a d ( A )  = 19 mb is  
found. I f  t h e  argon c o n t e n t  of  Mars is t o  t h a t  of E a r t h  a s  t h e  r a t i o  
of t h e  corresponding p l a n e t a r y  masses, then  P b d ( A )  = 2 mb [24] .  

7 .  Water 

I n d i c a t i o n s  of  Martian water  have been found through p o l a r -  
i z a t i o n  methods [29] and by t h e o r e t i c a l  e s t i m a t e s  based on c o n s i d e r a t i o n  
of t h e  Mar t ian  greenhouse e f f e c t  [15,  301, b u t  a c t u a l  measurement d i d  
n o t  occur  u n t i l  t h e  spectrogram of Kaplan, S p i n r a d ,  and Miinch [24] .  
They e s t i m a t e d  14 i: 71-1 of p r e c i p i t a b l e  w a t e r  i n  t h e  atmosphere.  
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8. Oxides of Ni t rogen  

Another p o s s i b l e  c o n s t i t u e n t  which h a s  been proposed, 
g e n e r a l l y  in a n  a t t e m p t  t o  e x p l a i n  v a r i o u s  observed f e a t u r e s ,  has  been 
o x i d e s  of  n i t r o g e n  [ l ] .  However, i n t e r p r e t a t i o n  of measurements show 
t h a t  t h e r e  can be no more than  t r a c e  amounts of such  elements  p r e s e n t  
~ 5 1 .  

I V .  THE BLUE HAZE 

The Martian atmosphere normally appears  hazy i f  i t  is observed i n  
t h e  b l u e  reg ion  of  t h e  spectrum. 
because t h e  a l b e d o ,  which is 0.3 a t  7000 A ,  d rops  t o  0.04 f o r  A < 4500 
[27] .  This opaque v e i l  covers  t h e  e n t i r e  p l a n e t  and i s  r e f e r r e d  t o  a s  
t h e  b l u e  haze. The a p p a r e n t  redness  of Mars is  due t o  the  p r o p e r t i e s  of  
t h e  haze ,  not t h e  p r o p e r t i e s  of t h e  s u r f a c e  [14] .  

The c o n i r a s t  is q u i t e  s i g n i f i c a n t  

Blue c l e a r i n g s  have been noted ,  i n  which t h e  wavelength a t  which 
o p a c i t y  begins becomes s h o r t e r ,  a l t h o u g h  t h e  haze  is  always p r e s e n t  t o  
some e x t e n t  [22] .  Both p a r t i a l  and planet-wide c l e a r i n g s  have been 
observed.  P a r t i a l  c l e a r i n g s  a t  the  c e n t e r  seem t o  be common. Also ,  i t  
appears  t h a t  t h e  l a r g e r  t h e  c l e a r i n g ,  the  g r e a t e r  t h e  t ransparency .  
Complete c l e a r i n g s  have occurred  i n  about  f o u r  hours  [31] .  

There a r e  s e v e r a l  models which a t t e m p t  t o  e x p l a i n  t h e  b l u e  haze.  
Some p o s s i b l e  phenomena which would e x p l a i n  t h e  o p a c i t y  a r e  s u r f a c e  
changes,  a tmospheric  d u s t ,  CO, o r  H,O, n i t r o g e n  o x i d e s  , carbon "smoke," 
m e t e o r i t i c  e f f e c t s ,  and a u r o r a l  emissions [31] .  

a .  Sur face  Changes 

Mars is n o t  f e a t u r e l e s s  i n  b l u e  l i g h t ,  b u t  shows o u t l i n e s  
r e a d i l y  i d e n t i f i a b l e  a t  longer  wavelengths .  Thus,  i t  was a t  f i r s t  
thought  t h a t  t h e  e f f e c t  might  be due t o  s u r f a c e  p r o p e r t i e s .  However, 
s imul taneous  photographs made a t  longer  wavelengths  a t  t h e  t i m e  of a 
b l u e  c l e a r i n g  f a i l e d  t o  s.how c o n t r a s t  changes.  The haze  was then  con- 
c luded t o  be a tmospher ic ,  b u t  perhaps n o t  e n t i r e l y  s o ,  because Hess (1941)  
and Tombaugh (1954) observed marked c o l o r  changes i n  some of t h e  d a r k  
a r e a s  beginning w i t h  and fo l lowing  c l e a r i n g s .  Hess f e l t  t h i s  i n d i c a t e d  
v e g e t a t i o n ,  assuming t h a t  t h e  temporary u l t r a v i o l e t  exposure caused by 
a c l e a r i n g  produced c o l o r  changes i n  o r g a n i c  s u b s t a n c e s  [31] .  However, 
photometr ic  s t u d i e s  i n  r e d ,  b l u e ,  and g r e e n  r e s u l t  i n  none of t h e  expec ted  
c o r r e l a t i o n  which would i n d i c a t e  s o l e l y  an  a t m o s p h e r i c  change, i . e . ,  no 
v a r i a t i o n  i n  c o n t r a s t  between t h e  s u r f a c e  f e a t u r e s  [321. 

\ 
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b. Atmospheric Dust 

c 

It has been proposed t h a t  dus t  p a r t i c l e s  could  cause  t h e  haze 
by Rayle igh  s c a t t e r i n g  [16, 331. A p a r t i c l e  s i z e  of  0.15 - 0.20 microns 
has  been sugges ted  [341. This  i s  based on t h e  assumption t h a t  e x t i n c t i o n  
i s  caused by forward s c a t t e r i n g .  However, Goody [35]  and 8 p i k  [23]  have 
p o i n t e d  o u t  t h a t  such  a p u r e l y  f o r w a r d - s c a t t e r i n g  l a y e r  above a r e f l e c t -  
i n g  s u r f a c e  i s  t r a n s p a r e n t ,  s i n c e  the s c a t t e r e d  l i g h t  w i l l  be  r e f l e c t e d  
back by t h e  s u r f a c e  and then  f o r w a r d - s c a t t e r e d  o u t  of t h e  atmosphere.  
I n  any c a s e ,  w i t h  t h e  p a r t i c l e  s i z e s  involved  i t  is  d i f f i c u l t  t o  e x p l a i n  
b l u e  c l e a r i n g s ,  S t o k e ' s  law f o r  t h e  r a t e  of s e t t l i n g ,  V = 219 r 2 p g / p  
where r = r a d i u s  of s p h e r e s ,  p = d e n s i t y ,  and p = c o e f f i c i e n t  of molecular  
v i s c o s i t y  of the  medium, shows t h a t  it would t a k e  y e a r s  f o r  such  s i z e  
p a r t i c l e s  t o  s e t t l e  o u t  from even a one-ki lometer  a l t i t u d e  [34] .  How- 
e v e r ,  t h e  d u s t  c loud could be absorbent  [35] o r  i t  could have a s m a l l  
b a c k - s c a t t e r i n g  lobe .  I n  t h e  l a t t e r  c a s e ,  t h e  s m a l l  amount of b l u e  
r a d i a t i o n  r e f l e c t e d  by t h e  s u r f a c e  albedo of a b o u t  0.05 would be swamped 
by b a c k - s c a t t e r e d  s o l a r  r a d i a t i o n  i n  t h e  b l u e  i f  more than  5 p e r c e n t  of  
t h e  i n c i d e n t  s o l a r  r a d i a t i o n  is i n i t i a l l y  b a c k - s c a t t e r e d ,  thus  obscur ing  
s u r f a c e  f e a t u r e s .  I n  any c a s e ,  a d u s t  theory  f a i l s  t o  e x p l a i n  why a 
c l e a r i n g  occurred  d u r i n g  t h e  1956 o p p o s i t i o n ,  i n  s p i t e  of e x t e n s i v e  d u s t  
s torms  which obscured much of the  s u r f a c e  [22] .  

c. M e t e o r i t i c  E f f e c t s  

Link has  sugges ted  t h a t  the haze is caused by d u s t  of a meteor- 
i t i c  n a t u r e  [27] .  This  opens up new p o s s i b i l i t i e s  f o r  haze c o n s t i t u e n t s ,  
a s  p a r t i c l e s  swept up from space  inc lude  those  d e t e c t e d  i n  cometary 
s p e c t r a  [31] .  These a r e  ammonia, methane, and w a t e r  ices mixed w i t h  
m e t e o r i t i c  m a t e r i a l s  composed of n i c k e l ,  i r o n ,  and o t h e r  e lements  [36] .  

d .  Aurora 1 Emissions 

Aurora l  emiss ions  o r  some type of a i r g l o w  would account  f o r  
some of  the  haze ,  s i n c e  such  emissions could reduce  t h e  g e n e r a l  c o n t r a s t .  
The c l e a r i n g s  could be due t o  t h e  c o n t r o l  of t h e  a i r g l o w  emiss ion  r a t e  
by tempera ture ,  It would a l s o  be caused by f l u c t u a t i o n s  i n  t h e  CO and 0 
c o n c e n t r a t i o n s  [ 3 7 ] .  Sagan r a i s e d  t h e  fo l lowing  o b j e c t i o n s  t o  a u r o r a l  
models:  A l l  o b s e r v e r s  a g r e e  t h a t  the b lue  haze is  a t  an  a l t i t u d e  of 
less  than  200 km, b u t  t o  r e a c h  such d e p t h s ,  p r o t o n s  must have improbable 
e n e r g i e s  and f l u x e s ;  and t o  e x p l a i n  observed d u r a t i o n  of c l e a r i n g s ,  
imposs ib ly  low i n t e r p l a n e t a r y  magnetic f i e l d s  a r e  r e q u i r e d  [27] .  
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e ,  Carbon "Smoke" 

Rosen has  po in t ed  o u t  t h a t  carbon p a r t i c l e s  formed from CO, and 
CO p h o t o d i s s o c i a t i o n  may cause  the  haze  [31] .  
f e e l i n g  the haze  t o  be  a n  absorb ing  smoke which is b l a c k  i n  r e f l e c t i o n  
and r e d  i n  t r a n s m i s s i o n ,  The c l e a r i n g  would be exp la ined  by v a r i a t i o n s  
i n  t h e  smoke c o n t e n t ,  s i n c e  small  f l u c t u a t i o n s  may cause  l a r g e  changes 
i n  the  marginal  v i s i b i l i t y  of  t he  s u r f a c e  [ 1 4 ,  231. However, i t  is 
d i f f i c u l t  t o  s e e  how t h i s  could cause a p lane t -wide  c l e a r i n g .  

Gpik fo l lows  i n  t h i s  l i n e ,  

f .  Ni t rogen Oxides 

Kiess e t  a l .  [9 ]  a t tempted  t o  e x p l a i n  the  haze  by v a r i a t i o n s  i n  
the  2 NO, ZN,O,  sysfem. A c l e a r i n g  would r e q u i r e  a sma l l  warning of t h e  
lower atmosphere which would l e a d  t o  a sma l l  d e c r e a s e  i n  t h e  number of 
ye l low N,O, p a r t i c l e s  p r e s e n t  [ l ] .  There a r e  s e v e r a l  d i f f i c u l t i e s  w i t h  
t h i s  model, S ince  N,O, i s  a f a i r l y  r e a c t i v e  compound, i t  appea r s  u n l i k e l y  
t h a t  i t  would be a s u r v i v o r  of the  p r i m i t i v e  Mar t ian  atmosphere.  I f  
p r e s e n t ,  i t  would most l i k e l y  have t o  be con t inuous ly  gene ra t ed  from i t s  
c o n s t i t u e n t  e lements  [38] .  Another d i f f i c u l t y  i s  i n  the  thermodynamic 
i n s t a b i l i t y  of  t h e  oxides  o f  n i t r o g e n .  I n  a d d i t i o n ,  l a c k  of a b s o r p t i o n  
bands i n  the Mar t i an  i n f r a r e d  s p e c t r a  i n d i c a t e s  t h a t  the  maximum n i t r o g e n  
oxide  c o n c e n t r a t i o n  i n  the  atmosphere i s  abou t  1 . 2  p a r t s  p e r  m i l l i o n ,  
c e r t a i n l y  i n s i g n i f i c a n t  [39] .  

g .  Atmospheric Carbon Dioxide 

Carbon d i o x i d e  p a r t i c l e s  have been sugges t ed  a s  a n  e x p l a n a t i o n  
[40, 411. In  t h i s  ca se ,  a b l u e  c l e a r i n g  would i n d i c a t e  a n  e v a p o r a t i o n .  
However, i t  is  f e l t  t h a t  CO, c louds  would be much t o o  opaque, and t h a t  
the  temperatures  r e q u i r e d  t o  f r e e z e  CO, occur  on ly  a t  v e r y  h igh  a l t i t u d e s  
[34] .  Also,  t he  fo l lowing  o b j e c t i o n s  have been r a i s e d  by Urey [31]  
a g a i n s t  a l l  t h e o r i e s  which .a t tempt  t o  e x p l a i n  the  haze  by condensable  
subs t ance :  

1. The l o w  p r o b a b i l i t y  t h a t  a c o n d i t i o n  of un i form con- 
d e n s a t i o n  would e x i s t  a t  a l l  l a t i t u d e s  i n  a convec t ing  
and r o t a t i n g  atmosphere s u g g e s t s  t h a t  weather  bands 
p a r a l l e l  t o  the  Mar t i an  e q u a t o r  should  be  e v i d e n t  i n  
b l u e  photographs ,  b u t  t h e s e  a r e  n o t  observed .  

2 .  To cause  a p lane t -wide  c l e a r i n g ,  t he  t empera tu re  must 
r i s e  s imul t aneous ly  and un i fo rmly  ove r  t he  e n t i r e  p l a n e t ,  
a r a t h e r  u n l i k e l y  even t .  

3 .  The d i s k  of Mars should  be  f l a t t e n e d  more i n  b l u e  l i g h t  
than i n  r e d  l i g h t ,  because  a c c o r d i n g  t o  Hess's model 
t he  a l t i t u d e  o f  t he  haze  l a y e r  must d e c r e a s e  w i t h  l a t i -  
tude ,  b u t  the  f l a t t e n i n g  is n o t  observed .  
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h.  Atmospheric Water 

A s i m i l a r  model has been proposed, i n v o l v i n g  w a t e r  c r y s t a l s  
i n s t e a d  of CO, c r y s t a l s  [ 4 2 ] .  Urey's  o b j e c t i o n s  a p p l y ,  b u t  i t  has  been 
noted  t h a t  Mars may n o t  have t o  have weather bands.  This is because t h e  
low d e n s i t y  could cause t h e  atmosphere t o  d i f f u s e  r a t h e r  than  c i r c u l a t e  
[ 3 1 ] .  The n e c e s s i t y  of planet-wide temperature  changes s t i l l  e x i s t s ,  b u t  
o b s e r v a t i o n s  i n d i c a t e  t h a t  p a r t i a l  c l e a r i n g s  are  common [ 4 3 ]  w i t h  p l a n e t -  
wide c l e a r i n g s  be ing  r e l a t i v e l y  r a r e ,  i n  agreement w i t h  theory .  Another 
o b j e c t i o n  is t h a t  p h o t o e l e c t r i c  measurements show Mars t o  b e  b l a c k  i n  t h e  
u l t r a v i o l e t ,  u n l i k e  i c e  c r y s t a l s  [ l o ] .  Also ,  i f  t h e  e f f e c t  is due t o  
a b s o r p t i o n ,  then c o n c e n t r a t i o n s  of the haze should  b e  r e l a t i v e l y  dark .  
The b l u e  clouds a r e  b e l i e v e d  t o  be i c e  c r y s t a l s ,  b u t  they  a r e  observed 
t o  b e  r e l a t i v e l y  b r i g h t  [ 2 7 ] .  This theory  is q u i t e  a t t r a c t i v e  by E a r t h  
ana logy ,  however. T e r r e s t r i a l  n o c t i l u c e n t  c louds a t  80 km may b e  t h e  
e q u i v a l e n t  of M a r t i a n  b l u e  c louds ,  and n o c t i l u c e n t  c louds  have been r e c e n t l y  
determined t o  be composed of i c e  c r y s t a l s .  I n  f a c t ,  t h e  E a r t h  may have a 
b l u e  h a z e ,  which would be unobservable  from t h e  s u r f a c e  [ 3 1 ] .  

For a w h i l e  i t  was thought  t h a t  t h e r e  was a c o r r e l a t i o n  between 
c l e a r i n g s  and Earth-Mars o p p o s i t i o n s ,  This  sugges ted  some o p t i c a l  
e x p l a n a t i o n  f o r  t h e  c l e a r i n g s  , some phenomenon s i m i l a r  t o  t h e  b r i g h t e n i n g  
of  t e r r a i n  when viewed a l o n g  t h e  i l l u m i n a t i n g  r a y s .  However, i t  was found 
t h a t  c l e a r i n g s  were n o t  confined t o  o p p o s i t i o n s  [ 4 4 ] ,  and that t h e  
a p p a r e n t  c o r r e l a t i o n  was s imply due t o  t h e  f a c t  t h a t  Mars h a s  never  been 
observed s y s t e m a t i c a l l y  except  i n  the few weeks b e f o r e  and a f t e r  o p p o s i t i o n  
[31] .  I n  f a c t ,  some of t h e  o u t s t a n d i n g  c h a r a c t e r i s t i c s  of t h e  haze a r e  i t s  
u n i f o r m i t y  and a p p a r e n t  l a c k  of c o r r e l a t i o n  t o  anyth ing .  There appear  t o  
be no weather  bands;  and no c o r r e l a t i o n  has been found between o p a c i t y  
and l a t i t u d e ,  o p a c i t y  and s o l a r  a c t i v i t y ,  o r  c l e a r i n g  and a n g u l a r  h e l i o -  
c e n t r i c  s e p a r a t i o n  between E a r t h  and Mars [ 3 ] .  

It is p o s s i b l e  t h a t  the  blue haze causes  t h e  Wright e f f e c t ,  which 
is  t h e  observed i n c r e a s e  i n  t h e  Mart ian p l a n e t a r y  d iameter  i n  b l u e  l i g h t  
over  t h a t  i n  r e d  l i g h t  [31] .  

V. ATMOSPHERIC CONSTRUCTION 

a. Clouds 

Clouds can be r e a d i l y  observed i n  t h e  M a r t i a n  atmosphere.  They 
a r e  d i v i d e d  i n t o  t h r e e  types :  whi te ,  ye l low,  and b l u e .  The ye l low clouds 
a p p e a r  t o  be d u s t ,  and t h e  b l u e  and w h i t e  c louds a r e  probably i c e  c r y s t a l s  
[5, 15, 2 7 ,  381. The i d e n t i t y  of the b l u e  and w h i t e  c louds  is sugges ted  
by p o l a r i z a t i o n  s t u d i e s  [ 3 8 ] ,  w i t h  t h e  two types d i f f e r i n g  only  i n  t h e  
s i z e  of t h e i r  c r y s t a l s  [ 2 7 ] .  The b lue  clouds probably  c o n s i s t  of c r y s t a l s  
r a n g i n g  from 0.1 t o  1.0 microns i n  d i a m e t e r ,  and t h e  w h i t e  c louds probably 
have c r y s t a l s  which a r e  a b o u t  1.0 micron i n  d iameter  [15]. 
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Mists which a r e  observed over  t h e  p o l e s  have a n  a l b e d o  of around 
0.3, which i s  incompat ib le  w i t h  i c e  c l o u d s .  However, i t  is p o s s i b l e  t h a t  
t h i s  is not  I c e  I, b u t  is a low tempera ture  m o d i f i c a t i o n  w i t h  d i f f e r e n t  
a b s o r p t i o n  c o e f f i c i e n t s  [27] .  

b. C i r c u l a t i o n  

The d r y  atmosphere is  70 - 75 p e r c e n t  t r a n s p a r e n t  i n  t h e  f a r  
i n f r a r e d ;  t h e r e f o r e ,  t h e  amount of h e a t  r a d i a t e d  from t h e  e q u a t o r  is  much 
more than  t h a t  r a d i a t e d  from t h e  p o l e s .  This  r e s u l t s  i n  a r e l a t i v e l y  
l i g h t  h e a t  load  and keeps t h e  Mar t ian  atmosphere i n  a symmetr ical  regime 
much of t h e  time. However, t h i s  r e f e r s  o n l y  t o  t h e  y e a r l y  a v e r a g e ,  s i n c e  
t h e  s m a l l  s u r f a c e  h e a t  c a p a c i t y  l e a d s  t o  g r e a t  s e a s o n a l  changes [27] .  A 
l a r g e  d i u r n a l  change is a l s o  conce ivable .  Mintz recognized  t h e  p o s s i b i l i t y  
of s u c h  a change through t h e  t roposphere  which could produce a d i u r n a l  
thermal  t i d e  o r  p e r i o d  of c o n s i d e r a b l e  ampl i tude  i n  t h e  g e n e r a l  t ropo-  
s p h e r i c  winds [21].  It h a s  been sugges ted  t h a t  t h e  M a r t i a n  atmosphere 
is E a r t h - l i k e  i n  s p r i n g  and autumn and i s  u n i q u e l y  M a r t i a n  i n  summer 
and w i n t e r .  T e r r e s t r i a l  c i r c u l a t i o n  c o n s i s t s  of h e a t  t r a n s f e r  from 
e q u a t o r  t o  b o t h  p o l e s  v i a  c i r c u l a t i n g  a i r  masses ,  b u t  t h e  s t r o n g  M a r t i a n  
n o r t h - s o u t h  tempera ture  g r a d i e n t  i n  summer and w i n t e r  would cause  h e a t  
t o  b e  t r a n s p o r t e d  d i r e c t l y  from t h e  warm t o  t h e  cool  p o l e  [ 3 ] .  Of c o u r s e ,  
i t  is  a l s o  p o s s i b l e  t h a t  t h e  low a tmospher ic  d e n s i t y  would cause  t h e  
atmosphere t o  d i f f u s e  r a t h e r  than c i r c u l a t e  [31] .  

c. Atmospheric Temperature 

Even a smal l  amount of oxygen could  g i v e  r ise t o  ozone, and 
thus  a p p r e c i a b l e  amounts of s t r a t o s p h e r i c  h e a t i n g  could occur  [45] .  The 
tempera ture  of the  upper atmosphere would b e  l a r g e l y  determined by t h e  
a b s o r p t i o n  of s o l a r  u l t r a v i o l e t  [28] .  Some p o s s i b l e  r e a c t i o n s  f o r  ozone 
h e a t i n g  a r e  a s  fo l lows:  

0, + hv + 0 + 0 ,  0 + 0 + M + 0, + M 

0, + 0 + 20.2, 

where M is  a n  a r b i t r a r y  t h i r d  body, p r i m a r i l y  N,. C a l c u l a t i o n s  f o r  t h i s  
process  i n d i c a t e  a maximum i n c r e a s e  of 0.33 O K ,  o c c u r r i n g  a t  f o r t y  
k i l o m e t e r s  [21] ,  b u t  o t h e r  o b s e r v e r s  f e e l  h i g h e r  v a l u e s  a r e  p o s s i b l e  [451. 
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It  is  f e l t  t h a t  t h e  CO which must be p r e s e n t  a c t s  a s  a thermo- 
s t a t  i n  the  upper atmosphere,  keeping t h e  tempera ture  a t  escape  l e v e l  
(1500 km) from exceeding about  1100 O K .  I f  i t  were n o t  f o r  t h i s  c o o l i n g ,  
t h e  upper atmosphere would form such  an e x t e n s i v e  and e f f e c t i v e  thermal 
i n s u l a t i o n  between t h e  upper ionosphere and t h e  h e a t  s i n k  a t  t h e  mesopause 
t h a t  t h e  tempera ture  would probably exceed 2000 O K ,  assuming no r a d i a t i v e  
l o s s ,  However, CO r a d i a t e s  as  fol lows (Bates  - 1951):  

R(Z) = N2(Z) f(cO,).,, hy e -h.//KT 

where 

f i s  t h e  f r a c t i o n  by volume of C02 

and 

Ti Y l o m i 4  cm3/sec = r a t e  c o e f f i c i e n t  f o r  d e a c t i v a t i o n .  

However, f(C0,) = 2 x l om2 .  Equi l ibr ium is main ta ined  a t  1100 OK [45] .  

I n  t h e  mesosphere t h e  temperature  is a c o n s t a n t  134°K above 90 km. 
The mesopause i s  a t  a temperature  of about  7 6 ° K  [46] .  

d .  I o n o s p h e r i c  Reac t ions  

There a r e  many d i f f e r e n t  sequences which could occur  between 
i o n s  i n  t h e  Mar t ian  atmosphere.  
b i n a t i o n  would occur  a s  fo l lows:  

For example, p o s s i b l e  0' and N; recom- 

o r  

+ 
0 + N , + N O + N  

fo l lowed by 

+ 
NO + e + N + O  

[41. I n  c o n s i d e r a t i o n  of  recombinat ion e l e c t r o n  l o s s ,  t h e  main processes  
would be 

+ 
xy + '1 --3x + y ( d i s s o c i a t i v e  recombina t ion)  

a nd 

+ 
xy + e 3 xy + hl/ ( r a d i a t i v e  recombina t ion) .  
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D e s p i t e  the  f a c t  t h a t  d i s s o c i a t i v e  recombina t ion  is much f a s t e r  than  
r a d i a t i v e ,  t h e  ions  recombine r a d i a t i v e l y  u n l e s s  they  can undergo r e a c -  
t i o n s  s u c h  a s  I 

+ + 
I x + yz, + xy + z (a tomic- ion exchange) 

and 

+ + 
x + yz --3 yz + x (charge exchange) ,  

fol lowed by d i s s o c i a t i v e  recombina t ion  of t h e  r e s u l t i n g  molecular  ion .  
CO+ and CO,+ w i l l  p robably  be l o s t  by d i s s o c i a t i v e  recombina t ion ,  The 
l a c k  of oxygen w i l l  p r e v e n t  0, s h i e l d i n g ,  and thus  s o l a r  r a d i a t i o n  could 
have a l a r g e  e f f e c t  deep i n  t h e  atmosphere [47 ,  481. 

VI. CONCLUSIONS 

The landscape of  Mars has  been f a i r l y  w e l l  e s t a b l i s h e d ,  b u t  t h e  s u r -  
f a c e  c h a r a c t e r i s t i c s  and composi t ion of t h e  atmosphere is s t i l l  l a r g e l y  
unknown. Such b a s i c s  as tempera ture  and p r e s s u r e  a r e  q u i t e  u n c e r t a i n ,  
and most of t h e  c o n s t i t u e n t s  have n o t  been i d e n t i f i e d .  
a n o t h e r  mystery,  whose s o l u t i o n  must await  more r e l i a b l e  d a t a .  

The b l u e  haze is 

The proposed low a tmospher ic  p r e s s u r e s  and d e n s i t i e s  could have a 
s i g n i f i c a n t  e f f e c t  on the  d e s i g n  of a Mars s p a c e c r a f t .  Such concepts  as 
a g l i d e r  landing  v e h i c l e  may no l o n g e r  b e  f e a s i b l e .  

Man's e x p l o r a t i o n  of t h i s  p l a n e t  w i l l  advance meteorology a g i g a n t i c  
s t e p ,  f o r  the comparison of two d i f f e r e n t  p l a n e t a r y  atmospheres  w i l l  prove 
i n v a l u a b l e ,  

c 

, 
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APPENDIX A 

ATMOSPHERIC PARAMETERS OF MARS 

Parameter  Max - M A  Most Probable  

300°K 
Diu rna l  Mean Sur- 

f a c e  Temperature 

Surf  a c e  
P res  s u r e  

135 mb 

200°K 

10 mb 

230°K 

25-40 mb 

1.488 x 2.26 x 1.28 x gm/cm3 Dens i ty  
(Surf  a c e  ) 

Surf  a c e  Wind 
Ve loc i ty  

60 km/hr mi ld  1 0  km/ hr 

Water Content  0.01 gm/cm2 t r a c e  1.4 t 0.7 x l o m 3  gm/cm2 

CO, Content  60% .55% 2% 

N, Content 98% 40% 94% 

Argon Content  3 0% t r a c e  

Oxygen Content  .06% t r a c e  

Mol e c u l  a r 
Weight 

39 28 

4% 

.04% 

28.8 

T r  op opa us e 24 km 11 km 17 km 

-4 .170 "K/km -3.636 "K/km Lapse Rate  
(Troposphere)  

- 3 . 7  "K/km 

(References :  3 ,  10, 11, 1 7 ,  2 5 ,  4 7 ,  4 9 ,  5 0 ,  5 1 ,  5 2 ,  5 3 ,  5 4 ) .  

17 ' 



, 

APPENDIX B 

EVALUATION OF THE SPECTROSCOPIC MEASUREMENT OF 
KAPLAN, MfNCH,  AND SPINRAD [54, 55, 561 

1. Abundance 

A c r i t i c a l  rev iew of the  s p e c t r o s c o p i c  measurement of Kaplan, 
Miinch, and Spinrad  has  been made. There appear  t o  b e  s e v e r a l  i n s t a n c e s  
where t h e  a c t u a l  u n c e r t a i n t i e s  a r e  somewhat l a r g e r  than  were i n d i c a t e d  i n  
t h e  o r i g i n a l  r e p o r t .  These a re  l i s t e d  below. 

a .  The Rank C a l i b r a t i o n :  Rank's l a b o r a t o r y  c a l i b r a t i o n  of 
No u n c e r t a i n t y  t h e  8689 A band was used t o  o b t a i n  CO, band i n t e n s i t i e s .  

was a s s i g n e d  t o  t h e  v a l u e  used by Kaplan e t  a l . ,  b u t  Rank c o n s i d e r s  the 
a c c u r a c y  of  h i s  i n t e n s i t y  measurements t o  be 6 p e r c e n t  a t  b e s t .  However, 
he a g r e e s  w i t h  t h e  CO, abundance v a l u e s  d e r i v e d  by Kaplan. 

b .  Although no range of u n c e r t a i n t y  was a s c r i b e d  t o  t h e  
e f f e c t i v e  a i r  mass of t h e  Mars atmosphere, Miinch now f e e l s  t h a t  a cor-  
r e c t i o n  s u g g e s t e d  by Ohring is  v a l i d ,  = t h e  v a l u e  should  b e  changed 
from 3.6 t o  3.9. The c o r r e c t i o n  inc ludes  t h e  use of t h e  proper  v a l u e  of 
the a n g l e  between t h e  E a r t h  and t h e  Sun s e e n  from Mars, a more p r e c i s e  
e x p r e s s i o n  f o r  t h e  v a r i a t i o n  of a i r  mass w i t h  z e n i t h  a n g l e ,  and a s l i g h t l y  
g r e a t e r  s e e i n g  motion smear. The change i n  a i r  mass s l i g h t l y  reduces t h e  
CO, abundance and i n c r e a s e s  t h e  p r e s s u r e .  Consider ing no o t h e r  e f f e c t s  , 
the s u r f a c e  p r e s s u r e  i s  changed from 25 t o  28 mb. 

c .  A tempera ture  of 230°K is used,  b u t  i t  seems u n l i k e l y  
t h a t  t h e  Mar t ian  a tmospher ic  temperature  is  t h a t  h i g h  a t  the  e f f e c t i v e  
a b s o r b i n g  leve l ,  s o  t h e  amount of CO, cor responding  t o  about  200°K is 
t o  b e  p r e f e r r e d .  Miinch has  confirmed t h i s  and s u g g e s t s  t h a t  the  tempera- 
t u r e  may b e  as low as  185°K. 

d.  The method used for  c o r r e c t i n g  t h e  l a b o r a t o r y  d a t a  t o  
M a r t i a n  c o n d i t i o n s  is n o t  c e r t a i n .  Kaplan, who is  o u t  of t h e  c o u n t r y ,  
performed t h i s  p a r t  of t h e  a n a l y s i s  and t h e  o t h e r  a u t h o r s  a r e  n o t  s u r e  
of  h i s  procedure.  Independent c a l c u l a t i o n s  have l e d  t o  d i f f e r e n t  r e s u l t s .  

By c o r r e c t i n g  t h e  l a b o r a t o r y  d a t a  t o  NTP and us ing  t h e  
new v a l u e  f o r  a i r  mass, a pre l iminary  CO, abundance of 43  k 25 m atm has 
been obta ined .  Some assumptions a re  made a b o u t  probable  e r r o r s  i n  t h e  
l a b o r a t o r y  d a t a .  
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2. P res su re  E s t i m a t i o n  

This s e c t i o n  i s  concerned w i t h  a n  e v a l u a t i o n  of  t h e  p r e s s u r e  
e s t i m a t e  made i n  the  work of  Kaplan e t  a l .  

The a u t h o r s  g i v e  no range  of  u n c e r t a i n t y  f o r  t h e  e q u i v a l e n t  
a i r  mass measured by S in ton .  They use  1.86  b u t  S i n t o n ' s  paper  i n d i c a t e s  
a v a l u e  of  1.82  i: .32. This u n c e r t a i n t y  must be  f a c t o r e d  i n t o  the  t o t a l  
u n c e r t a i n t y  g iven  f o r  t h e  p r e s s u r e .  The e f f e c t  is t o  reduce  t h e  s u r f a c e  
p r e s s u r e  somewhat, b u t  the  v a l u e  of t he  l a t t e r  i s  h e a v i l y  dependent  on 
the  CO, abundance. 

Some independent  e s t i m a t i o n s  of p r e s s u r e  have been made. The 
a n a l y s i s  of Kuiper and Owen which g i v e s  a s u r f a c e  p r e s s u r e  of  17 i: 9 mb 
is  under review,  a s  is Moroz's a r t i c l e  on the  spec t rum of Mars. Moroz 

d e r i v e d  a s u r f a c e  p r e s s u r e  of 15 mb . 4-1 5 
- 5  

Kaplan e t  a l .  made t h r e e  c a l c u l a t i o n s  of t h e  Mar t i an  s u r f a c e  
p r e s s u r e ,  a l l  of which used t h e  CO, abundance o b t a i n e d  from the  absorp-  
t i o n  measurements a t  8700 L! i n  con junc t ion  w i t h  t h e  p r e s s u r e  dependent  
s t r o n g  band a b s o r p t i o n  i n  the  2 i _ ~  r e g i o n .  
b u t  a c o r r e c t i o n  should  be  made t o  account  f o r  t he  tempera ture  dependence 
o f  t h e  a b s o r p t i o n  c o e f f i c i e n t .  Somewhat h i g h e r  p r e s s u r e s  would then  be  
o b t a i n e d ,  s i n c e  the  p r e s s u r e  is i n v e r s e l y  p r o p o r t i o n a l  t o  the  CO, abun- 
dance.  By combining what is f e l t  t o  be  t h e  c o r r e c t  t empera ture  dependence 
w i t h  r easonab le  e s t i m a t e s  f o r  t h e  u n c e r t a i n t y  o f  b a s i c  measurements,  t h e  
fo l lowing  p res su re  v a l u e s  were ob ta ined .  C a l c u l a t i o n s  u s i n g  S i n t o n ' s  21-1 
d a t a  gave 35 5 32 mb, Kuiper ' s  2 . 0 6  d a t a  us ing  e q u i v a l e n t  w id ths  y i e l d e d  
4 3  k 34 mb, and Ku ipe r ' s  2 . 0 6  d a t a  us ing  l a b o r a t o r y  comparison r e s u l t e d  
i n  26 5 2 3  mb. These v a l u e s  a r e  c r i t i c a l l y  dependent  on the  CO, abundance 
de te rmina t ion .  

The method used appea r s  sound,  
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APPENDIX C 

TABULATION OF PHYSICAL CHARACTERISTICS OF MARS 

Mean Dis tance  From Sun (A) 

I n c l i n a t i o n  of  O r b i t  t o  E c l i p t i c  (I,) 

E c c e n t r i c i t y  of o r b i t  ( e )  

Mean D a i l y  Motion ( 7 )  

Mars O r b i t  t o  Mars Equator 

Mean O r b i t a l  V e l o c i t y  

Mean S o l a r  Constant  

S i d e r e a l  Year 

Mean Synodic Per iod  

Mass 

Bulk Dens i ty  

Mean S u r f a c e  G r a v i t y  

Radius (Equator)  

Albedo ( I n t e g r a t e d )  

P e r i h e l i o n  D i s t a n c e  

Aphel ion D i s t a n c e  

S i d e r e a l  Day 

S o l a r  Day 

1.523691 A.U. 

1.84991 deg 

.093372 (1964) 

.524033 d e g l s i d .  day 

25.20 deg 

24.13 kmlsec 

.840 cal /cm2 min 

686.980 E a r t h  S i d e r e a l  Days 

779.935 E a r t h  S i d e r e a l  Days 

.642 x l o z 7  gm 

4.04 gmlcm" 

375 cm/sec2 

3374 km 

0.25 

1.381428 A.U. 

1.665954 A.U.  

24 h 37 m 22.668 s 

24 h 39 m 35.247 s 

(References:  3 ,  10, 1 5 ,  1 7 ,  51, 57) .  
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APPENDIX D 

AN EVALUATION OF PRESSURE ESTIMATES FROM 
POLARIMETRIC OBSERVATIONS [54] 

S e v e r a l  s t u d i e s  of s u r f a c e  p r e s s u r e  have been based on p o l a r i m e t r i c  
o b s e r v a t i o n s ,  R e s u l t s  of about  100 mb a r e  u s u a l l y  o b t a i n e d ,  and t h e s e  
are  o f t e n  used as a r e f e r e n c e  f o r  r e l a t i v e l y  h i g h  s u r f a c e  p r e s s u r e  v a l u e s .  

The fo l lowing  assumptions are commonly made i n  t h e s e  s t u d i e s :  The 
M a r t i a n  atmosphere is devoid of any s c a t t e r e r s  a s i d e  from t h e  molecules  
which make up t h e  a tmospher ic  g a s e s ,  and t h e r e  i s  no m u l t i p l e  s c a t t e r i n g  
i n  t h e  atmosphere and no a d d i t i o n  t o  l i g h t  s c a t t e r e d  from t h e  atmosphere 
by l i g h t  r e f l e c t e d  from t h e  s u r f a c e .  For a p r e c i s e  t r e a t m e n t ,  t h e  fol low- 
i n g  s o u r c e s  which can c o n t r i b u t e  t o  t h e  i l l u m i n a t i o n  from a p l a n e t  and t o  
t h e  p o l a r i z a t i o n  should  be considered.  

1. Rayleigh b a c k s c a t t e r i n g  from a tmospher ic  s c a t t e r i n g .  

2. Rayle igh  type b a c k s c a t t e r i n g  from v e r y  f i n e  p a r t i c l e s .  

3 .  Mie b a c k s c a t t e r i n g  from a e r o s o l s .  

4 .  S u r f a c e  r e f l e c t i o n  of  d i f f u s e d  r a d i a t i o n .  

5 .  Rayle igh  forward s c a t t e r i n g  of r a d i a t i o n  from ( 4 )  by 
a tmospher ic  g a s e s .  

6. Rayleigh type forward s c a t t e r i n g  o f  r a d i a t i o n  from ( 4 )  by 
v e r y  f i n e  p a r t i c l e s .  

7 .  Mie forward s c a t t e r i n g  of r a d i a t i o n  from ( 4 )  by a e r o s o l  
p a r t i c l e s .  

8. M u l t i p l y  s c a t t e r e d  r a d i a t i o n .  

Cons idera t ion  of such  f a c t o r s  produces l a r g e  f l u c t u a t i o n s  i n  p r e s -  
s u r e  es t inates  based on p o l a r i m e t r i c  s t u d i e s .  For example, a p r e s s u r e  
o f  114 mb is o b t a i n e d  i f  one uses  Dol l fus '  p o l a r i m e t r i c  s t u d y  and assumes 
a n  a tmospher ic  composi t ion s imi l a r  t o  t h a t  of E a r t h .  However, t h i s  p r e s -  
s u r e  is changed t o  60 mb i f  one assumes a pure CO, atmosphere.  
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The f l u c t u a t i o n  is even g r e a t e r  i f  a e r i a l  suspens ions  of v e r y  f i n e  
p a r t i c l e s  a r e  assumed. Such p a r t i c l e s  may form t h e  b l u e  haze.  They 
would behave a s  Rayleigh p a r t i c l e s , ,  g i v i n g  a p o l a r i z a t i o n  s i m i l a r  t o  
t h a t  of molecules  b u t  s c a t t e r i n g  more e f f i c i e n t l y .  Choosing a p a r t i c l e  
s i z e  of r = 0.1~ w i t h  r e f r a c t i v e  index n = 1.33 (= H,O i c e ) ,  i t  is found 
t h a t  3.6 x lo8 p a r t i c l e s  per  cm2-column w i l l  s u g g e s t  t h e  observed p r e s s u r e  
of 114 mb but  t h a t  t h e  t r u e  p r e s s u r e  w i l l  be  o n l y  20 mb. I n  t h i s  c a s e ,  
t h e  atmosphere was assumed t o  be pure n i t r o g e n ,  b u t  a n  i n c r e a s e  i n  t h e  
CO, c o n t e n t  would tend t o  reduce  t h e  p a r t i c l e  r e q u i r e m e n t s ,  which i n  any 
case  ' a re  no t  unreasonable ,  S ince  t h e r e  is  no method of remote ly  d i s t i n -  
g u i s h i n g  molecules from p a r t i c l e s  i n  t h i s  s i z e  r a n g e ,  i t  a p p e a r s  imposs ib le  
t o  e s t a b l i s h  a r e l i a b l e  s u r f a c e  p r e s s u r e  based  o n l y  on p o l a r i m e t r i c  s t u d i e s ,  

24 



SCHEME M4P SHOWING THE 
DISTRIBUTION c[F DESERllS AND MARLA 158 1 

0. 

Fig. 1. Southern hemisphere 

0. 

Fig. 2. Northern hemisphere 
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MARS: Produced  by Kodak Dye T r a n s f e r  P r o c e s s .  Reproduced by p e r m i s s i o n  f rom t h e  
Lowel l  O b s e r v a t o r y  f rom MARS by E .  C. S l i p h e r .  



Examples of b l u e  c l e a r i n g  f o r  var ious  per iods  of o p p o s i t i o n .  The c e n t e r  photo- 
graph  is  taken  i n  yel low l i g h t  f o r  comparison. 
Observatory from MARS by E. C. S l i p h e r .  

Reproduced by permiss ion  of Lowell 
27 
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PHOTO EVIDENCE OF LINES (CANALS) ON MARS. 

Many photographs have been taken which i n d i c a t e  t h e  e x i s t e n c e  of c a n a l s  on 
S ince  photographs do not  have t h e  r e s o l v i n g  power of t he  human eye,  t he  

Reproduced by per-  
Mars. 
drawings a r e  p o s s i b l y  more r e p r e s e n t a t i v e  of what i s  seen .  
m i s s i o n  of Lowell Observatory from = by E.  C. S l i p h e r .  
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